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Abstract 
Renewable energy (RE) technologies are looked upon favourably to provide future energy 
demands and reduce greenhouse gas (GHG) emissions. However the installation of these 
technologies requires large quantities of finite material resources. We apply life cycle assessment 
to 100 years of electricity generation from three stand-alone RE technologies – solar photovoltaics 
(PV), run-of-river hydro and wind – to evaluate environmental burden profiles against baseline 
electricity generation from fossil fuels. We then devised scenarios to incorporate circular economy 
improvements targeting hotspots in systems’ life cycle, specifically (i) improved recycling rates 
for raw materials and (ii) the application of eco-design. Hydro presented the lowest environmental 
burdens per kWh of electricity generation compared with other RE technologies, owing to its 
higher efficiency and longer lifespans for main components. Distinct results were observed in the 
environmental performance of each system based on the consideration of improved recycling rates 
and eco-design. Circular economy measures produced similar modest savings in already low GHG 
emissions burdens for each technology, while eco-design specifically had the potential to provide 
significant savings in abiotic resource depletion. Further research to explore the full potential of 
circular economy measures for RE technologies will curtail the resource intensity of RE 
technologies required to mitigate climate change. 
 




The expansion of the global renewable energy (RE) sector has been evident in recent years, 
(REN21, 2014), improving energy security by decreasing dependency on finite fossil fuels  and 
delivering climate change mitigation. As the EU Directive 2009/28/EC drives growth in the RE 
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sector (EU, 2009), significant investment is required to achieve targets aiming to double renewable 
electricity generation from 3,500 TWh to 7,000 TWh by 2035 (IEA, 2014). The combination of 
technological advancements, savings from lean product manufacturing and government 
incentivisation are some of the key factors that have driven continued investment in the sector 
(IRENA, 2015). The underlying reason for RE deployment has been a commitment to address 
climate change by reducing greenhouse gas (GHG) emissions (EEA, 2015). For this reason, further 
growth will take place in this century, as expansive opportunities of green energy are yet to be 
exploited. 
Based on the expected growth in the RE sector, it is realised that significant quantities of energy 
and raw materials will be required to manufacture and maintain these systems. Previous research 
compared that higher material contributions for RE technologies (e.g. iron/steel, copper, etc.) 
compared to conventional fossil fuel generation systems (Hertwich et al., 2015, Kleijn et al., 2011). 
Not only are large quantities of resources required, but in some cases these can be rare earth metals 
(Elshkaki and Graedel, 2013). Previous reporting of the environmental impacts for RE projects 
has typically focused on carbon (Donnelly et al., 2010, Rule et al., 2009, Varun et al., 2009, Akella 
et al., 2009). However, the depletion of abiotic resources has received more interest in recent years 
(Klinglmair et al., 2014, Gallagher et al., 2015b), and this also needs to be addressed in the 
renewables sector. Due to the emissions attributed to fossil-fuel electricity generation, the overall 
carbon footprint of RE technologies is significantly lower than for fossil-fuel generation over the 
respective systems lifespan (Hertwich et al., 2015). However, the resource depletion burdens of 
hydropower installations for example are higher than for fossil-fuel power plants, and small-scale 
hydro systems generate greater resource depletion burdens (Gallagher et al., 2015a) than larger 
hydro installations (Hertwich et al., 2015), per kWh of electricity generated. Therefore, addressing 
improvements in resource performance for RE technologies at all scales should be considered, as 
future RE will be generated from a range of installation types and sizes. 
 
 Circular economy 
The transition to a circular economy sets out a pathway to ensure future environmental and 
economic security (EC, 2015b). In the context of achieving global energy security through RE 
systems, implementing these technologies with a circular or ‘cradle to cradle’ emphasis as 
presented in Figure 1, as opposed to the traditional linear or ‘cradle to grave’ approach (EC, 2014, 
Ellen MacArthur Foundation, 2013), has not been given sufficient attention. Indeed, it is positive 
that there are roadmaps for the circular economy (EC, 2015a) and a RE future (IRENA, 2016), 
even if there is so far limited joint-thinking for merging these two concepts. 
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Figure 1. Illustration of the transition of value chains to achieve a circular economy (EC, 2014). 
 
As shown in Figure 1, there are several opportunities to improve the circular performance of RE 
systems: the application of eco-design to reduce resource demands, driven by EC Directive 
2009/125/EC (EC, 2009); developing high-standard maintenance and reuse procedures; adopting 
better remanufacturing and retrofit/refurbishment practices; and improving the recyclability and 
reusability of materials. In this study, two areas gain particular focus: (i) improvements in 
recycling rates at the end of installation life spans; and (ii) eco-design applied in the early design 
process for each RE system. The concept of ‘dematerialisation’ is considered to reduce 
consumption by increasing material efficiency, promoting material shifts and increasing the 
recycling of products (van der Voet et al., 2004, Cooper et al., 2016). Furthermore, ten Brink et al. 
(2014) recently highlighted that reuse and recycling is the most notable contributor to achieving a 
circular economy. In addition, eco-design can have added value by promoting energy efficiency 
in manufacturing and operation (Toxopeus et al., 2015, McDonough and Braungart, 2010). Both 
these strategies support the provision of sustainable development of RE technologies in the context 
of a circular economy (Sauvé et al., 2015). 
 
 Research objective 
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In this study, three RE technologies – solar PV, run-of-river hydro and wind – are examined using 
LCA to compare their performance in the context of the circular economy, specifically the 
potential to reduce the environmental impacts through improved recyclability rates and eco-design 
measures. The findings of the LCA will present the environmental impacts for the most common 
size of installation of each technology over recent years in the UK and Ireland. By considering a 
‘cradle to cradle’ life cycle, opportunities to identify environmental burden hotspots in current RE 
systems can provide future guidance on deploying next generation RE technologies as low carbon 
and resource efficient systems. The LCA will assess specific measures that promote circular 
economy opportunities to allow each stand-alone RE technology to continue generating electricity 
over the next 100 years. A breakdown of material and component contributions required to deliver 
each stand-alone installation will be examined to quantify the potential for improvements through 
the use of materials more efficiently, using less and/or alternative materials in future iterations in 
design of these RE technologies. Considering the circular economy agenda presented by ten Brink 
et al. (2014), it is important to identify the potential that eco-design of system components as well 
as recyclability and reuse of materials can have on the future of low-carbon technologies. The 
findings will further our understanding of how to improve RE technologies in line with the circular 
economy. 
 
2 Summary of methods 
This paper is supported by a detailed methodology provided in the Supplementary Information 
(S.I.). The methods and materials section in the S.I. presents the overall goal and scope of this 
LCA study. This includes an outline of the impact categories selected for examination, the 
referencing system and methodology for comparing the performance of each RE technology is 
presented, and a rationale for applying a ‘cradle to cradle’ system boundary conditions to capture 
the circular economy performance are discussed. In addition, details regarding the choice of cut-
off threshold applied and information relating to comparing the results to marginal grid electricity 
are explained. A detailed overview of the assumptions for improvements in recycling rates over 
the next one-hundred years for the key materials in each RE system is presented in Table S4 in 
S.I., with low, medium and high range values predicted at an interim and end date. This section 
also includes case study descriptions (Table S6 in S.I.), detailed life cycle inventories and 
opportunities for applying recycling and eco-design (supported by Table S7-S12 and Figure S1-
S3 in S.I.) to each of the three stand-alone RE installations of solar PV, run-of-river hydro and 
wind. 
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The results section of the S.I. presents the baseline scenario for each RE technology and provides 
a comparison of the normalised contributions of these installations with marginal grid electricity. 
Further details are shown in the results section that explore the potential of improved recycling 
rates and the application of eco-design to each RE technology and compared these results to the 
baseline scenario. A summary of these results are presented in the paper, with the S.I. providing 
an additional breakdown of details relating to the impact of each measure on the overall 
environmental burden of the three stand-alone RE systems. 
 
3 Results 
 Baseline scenario 
Contribution analysis of RE technologies over 100 year lifespan 
The environmental impacts for the baseline scenario for each RE technology are compared to 
marginal electricity, per kWh of electricity, from a gas plant in Figure 2. For the baseline scenario, 
the GWP, FRDP and AP burdens were significantly lower for each of the three representative 
renewable technologies when compared to marginal electricity from a gas plant. This was due to 
the high burden associated with the combustion of natural gas throughout the 100 year operational 
period. However, the normalised life cycle environmental burdens were higher for ARDP for all 
three RE technologies, higher for HTP for solar PV and wind, and higher for AP for wind, 
compared with reference electricity from the gas power plant. The exceedance of the ARDP burden 
for each RE system in comparison to the reference gas plant was due to the high proportion of raw 
materials embodied in the infrastructure of the RE technologies used to generate each kWh of 
electricity. The high HTP and AP burdens for solar PV and wind were largely due to steel or 
aluminium requirements. 
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Figure 2. Normalised contributions of baseline scenario over 100 year lifespan for representative stand-
alone RE installations and marginal grid electricity sourced from a gas power plant (data normalised to 
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Figure 3. Breakdown of material contributions to baseline environmental burden categories for each 
stand-alone RE technology (expressed per kWh generated over planned 100 year lifespan). 
 
It was also noted that future iterations of deployment of RE technology would incur lower 
environmental impacts linked to transportation and manufacturing due to increased RE is the grid 
electricity mix. Over the 100 year lifespan results, increased RE in the grid electricity mix reduced 
almost all environmental burden categories examined in this study, with the exception of ARDP 
(which increased by 3.5% to 7.2%) due to the increased demand of resources to deploy these 
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technologies. This highlights the need for improved efficiency in the use of raw materials, and the 
importance of circular economy measures such as those considered in this study. 
Figure 3 presents material contributions to life cycle environmental burdens of electricity 
generation by each RE technology, expressed per kWh generated over the planned 100 year 
lifespan. The environmental intensity of electricity generation by each RE system over technology-
specific lifespans is compared with natural gas electricity generation in Figure S4 in S.I. These 
results represent baseline environmental burdens for each technology used to target and benchmark 
potential circular economy measures. The baseline scenario for each technology incorporates 
current estimates on recycled material content in the initial installation, assuming this remains 
constant for future generations of each RE technology over the next 100 years (outlined in the 
recycled materials section in S.I.). 
Current and future manufacturing and construction, transportation, on-site works and operation 
and maintenance works were accounted for in the deployment of each generation of RE technology 
over the next 100 years by incorporating future energy trends and associated environmental 
burdens into these processes (details provided in marginal grid electricity sections in S.I.). 
 
 Circular economy impacts on RE technologies 
Results comparing baseline environmental burdens with scenarios of improved recycling rates and 
eco-design measures for each stand-alone RE technology are presented in the following sections 
(see S.I. for additional details). 
 
Solar PV 
Circular economy measures to reduce the overall environmental burdens of a stand-alone solar PV 
installation include improved recycling rates and the application of eco-design (Figure S6 in S.I.). 
In terms of recycling, most materials (aluminium, glass, silicon and wiring) were considered 
recyclable for the solar PV installation. Improvements in recycling rates for future generations of 
solar PV installation translated into reductions in the environmental intensity of solar PV electricity 
ranging from less than 1% for ARDP to 4% for FRDP, if only minimum improvements in recycling 
rates are achieved, while savings of between of 1% for ARDP and 11% for FRDP are possible if 
maximum recycling rates are delivered. The application of eco-design measures offered further 
reductions across all burden categories examined, with a minimum reduction of 5% for ARDP and 
up to 12% for FRDP. These measures included a thinner frame and solar cell. Eco-design savings 
were between up to 1.5 greater than savings achieved by maximum recycling rates across four of 
the five categories, and over four times greater for the FRDP category. Eco-design and improved 
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Detailed results from improved recycling and the application of eco-design to run-of-river hydro 
installations are presented in Figure S7 and S.I.). Higher recycling rates can reduce the 
environmental burdens of this RE technology by less than 1% for ARDP and between 2-8% for 
FRDP, if low and high recycling rates are achieved, respectively. This arises from recycling of 
different metals in the turbine, generator and electrical equipment. Results for HTP were similar 
to those for ARDP, whilst AP and GWP showed modest savings of 3% and 5% if high recycling 
rates are achieved. Eco-design reduced the quantity of concrete used in construction through 
substitution with greener materials such as wood, and reduced the quantity of steel used the turbine 
and powerhouse roof. The potential impact of eco-design measures presented was half that of what 
could be achieved through achieving maximum improvements in recycling rates for FRDP. 
However, eco-design led to  GWP and AP savings 1.3 times greater than those achieved by 
recycling, and ARDP and HTP savings 7.7 and 15.1 times greater, respectively, than those 
achieved by increased recycling for the hydro installation. This translated into burden reductions 
of between 4% (FRDP) and 10% (HTP) for electricity generation following eco-design of 
hydropower installations.  
 
Wind 
Circular economy measures can also be applied to larger scale RE technologies such as stand-
alone wind turbines. The results from applying these measures are presented in S.I. in Figure S8. 
Improvements in future recycling rates showed the potential to reduce the environmental burdens 
of wind-generated electricity by less than 1% for HTP and between 1% and 6% for GWP and 
FRDP where minimum or maximum recycling rates are achieved, respectively. This was primarily 
linked to recycling the large quantities of steel and other heavy metals used in the construction of 
wind installations. Applying eco-design to this RE technology offered further reductions for all 
environmental burden categories, with a minimum reduction of 6% for GWP and up to 29% for 
HTP. Maximum recycling achieved a marginally greater saving than eco-design for GWP, 6% 
versus 5%, while eco-design achieved greater savings for all other burden categories examined. 
The savings considered by substitution the steel tower with a hybrid concrete and steel tower 
structure helped extend the lifespan of the tower and the use of alternative material. In comparison 
to achieving maximum recycling rates, the impact of the hybrid tower demonstrated it could have 
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2.2-2.4 times the impact of reducing the AP and FRDP burdens, while the hybrid tower had 
significantly larger reductions of 20.6 and 50.4 times more for ARDP and HTP, respectively.  
 
4 Discussion 
 Circular economy measures 
Increased recycling rates 
Considering higher recycling rates in the future, and assuming that RE system components are 
recycled at the end of their lifespan in line with these prevailing rates, the environmental burdens 
of electricity generation from the three studied RE technologies could be reduced significantly. 
Increased recycling rates were more significant for GWP and FRDP burdens than for ARDP and 
HTP burdens for all three stand-alone RE installations. Increased recycling was shown to have the 
most notable benefit for Solar PV across all environmental burdens, followed by smaller benefits 
for run-of-river hydro and wind, with the smallest benefit for hydro across all impact categories 
with the exception of FRDP. 
Questions have arisen over the recyclability of materials used in some other types of solar PV 
installations (Elshkaki and Graedel, 2013), as cells with rare earth metals deliver higher 
efficiencies yet present potential additional challenges for recycling materials as opposed to poly-
Si or organic materials. This is an area where uncertainty exists with regards to future capabilities 
to recover and recycle small quantities of these valuable materials in technologies such as solar 
PV cells. 
In the case of run-of-river hydro and wind, increasing recycling rates for concrete in the weir or 
intake, or in steel reinforced foundations, is more challenging owing to restricted access to these 
components e.g. in a river or under ground level. However, a longer lifespan and lower material 
intensity for run-of-river hydro systems result in better comparative environmental performance. 
Future performance could be enhanced by reusing the weir and intake in future refurbishments 
(Gallagher et al. 2015b). Extending the lifespan of wind turbine components to realise similar 
savings would require technological improvements such as more effective damper devices or 
advanced control systems (Fitzgerald et al., 2013, Schlipf et al., 2013). 
Prevailing trends of increasing recycled content in the main materials, especially metals, used in 
RE installations are likely to ameliorate the environmental hotspots of material use and human 
toxicity associated with RE technologies, enhancing their environmental sustainability. There 
remain a few challenges to ensure that materials used in RE installations can continue through 
recycling loops at the end of RE installation lifespans in the future circular economy, to further 
reduce these environmental hotspots. 
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Application of eco-design 
In addition to recycling materials in RE technologies, the application of eco-design measures at 
the design stage for these systems can improve their circular economy performance. Eco-design 
was shown to have a greater impact on reducing the environmental burden of each technology than 
achieving maximum future recycling rates, with the exception of FRDP for a run-of-river hydro 
and GWP for the wind turbine installation. The most substantial results were observed for the 
ARDP and HTP impact categories for the wind turbine, while solar PV reductions were dominated 
by GWP, AP and FRDP, and the savings for the hydro installation were linked to reductions in 
GWP and HTP. 
Eco-design considerations for solar PV focused on using less material, such as a thinner frame 
design or thinner cell, translating into life cycle savings that did not affect end-of-life recyclability. 
A modular approach to designing solar PV systems can ensure the direct reuse of components such 
as the aluminium frame so that recycling is not required, further improving the environmental 
performance of this technology which currently exhibits higher burdens than other RE options.  
For the run-of-river installation, eco-design opportunities focused on alternative material selection 
that presented GHG mitigation opportunities, and could be associated with other sustainability 
benefits if materials are locally sourced. The overall improvements in the performance of the hydro 
installation were due to multiple, small eco-design opportunities. 
Significant reductions in the ARDP and HTP burdens of wind-generated electricity could be 
achieved through eco-design solutions including the use of a steel and concrete hybrid tower. This 
led to lower overall burdens, but may conflict with the circular economy ethos as concrete is not 
an easily recyclable material. However, this measure extends the lifespan of the tower as the 
concrete tower component has a better resistance to the structural stresses observed in steel towers. 
This is turn has the potential to extend the lifespan of the turbine blades made of composite and 
unrecyclable material, by reducing vibrations and minimising the accumulation of fatigue damage 
(Manwell et al., 2010). 
For typical sizes of these three RE systems, eco-design can play an important role in reducing 
environmental impacts and delivering circular economy goals. 
 
 Carbon footprints vs. resource depletion 
Carbon (GWP) and resource (ARDP) burdens have previously been compared for RE technologies 
by Gallagher et al. (2015b), where some divergence trends were highlighted for strategies that 
focus solely on further reducing the carbon footprint of RE technologies. Focusing on both of these 
  12 
impact categories, distinct results were achieved through improving material recycling rates and 
promoting eco-design for each RE system. The greatest overall GWP reduction of 20% was found 
for the solar PV installation by combining eco-design with maximum recycling rates. GWP 
savings were significantly smaller for run-of-river hydro and wind turbine installations. In contrast, 
the role of recycling and eco-design reduced the ARDP burden for a wind installation by 28%, in 
comparison to small reductions of 7% for solar PV and 5% for hydro. This highlights that there is 
some complementarity between efforts to further reduce the already low carbon footprint of RE 
electricity and to reduce resource depletion, but that effective targeting of environmental hotspots 
requires a specific focus on resource depletion to improve the performance of these systems within 
the circular economy.  
Improved recycling rates and eco-design measures have joint roles to play in reducing the 
environmental burdens of RE technologies, but effective mitigation will require different 
combinations of measures for each technology. For all three RE technologies, recycling and eco-
design presented relatively similar improvements for GWP. Eco-design provided 20-32% greater 
GWP savings than improved recycling for solar PV and run-of-river hydro, yet the opposite was 
observed for wind as recycling presented 21% more savings than eco-design. The results for ARDP 
were more prominent as eco-design delivered the majority of savings, with more than four or five 
times that of achieving maximum recycling rates for solar PV and run-of-river hydro respectively, 
and over twenty times more than recycling for wind. 
The circular economy measures examined in this study are not exhaustive in relation to the 
potential opportunities that exist for these three RE technologies, yet the study does highlight the 
importance of considering RE technology deployment from a circular economy perspective in 
order to mitigate environmental hotspots of these low-carbon sources of electricity. In general, 
there is the need for more emphasis on resource use, alongside carbon footprints, when developing 
these systems, as future generations of RE installations will need to be manufactured in a world of 
limited natural resources. 
 
5 Conclusions 
Three stand-alone RE technologies– solar PV, run-of-river hydro and wind – of varying sizes were 
examined, representing the most common deployment formats in Ireland and the UK over recent 
years. Results are specific to these sizes of installation, but reflect the typical challenges of 
addressing the impact of improved recycling rates and eco-design for each RE technology. This 
paper demonstrates that, from a life cycle assessment perspective, there is scope to improve how 
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these technologies perform in the context of the circular economy, through modified design and 
manufacturing processes. 
The baseline scenario outlined in this paper presents “typical” life cycles of three key RE 
technologies, with the run-of-river hydro installation incurring the lowest environmental burdens 
owing to its lower material intensity per unit installed capacity and longer lifespans for main 
components. However, despite generating electricity with a low GHG intensity, our expanded 
LCA highlighted that current deployment of all these technologies is inefficient with respect to 
high dependence on finite resources – posing a challenge to their sustainability. 
By examining two categories of circular economy measures, improvements in recycling rates and 
the adoption of eco-design, it is evident that significant reductions in the environmental intensity 
of these RE technologies can be achieved.  The comparative efficacy of improving recycling rates 
and applying eco-design varies depending on whether the traditional focus on carbon reduction is 
maintained, or whether to the environmental hotspot of resource depletion is prioritised. 
The findings demonstrate hotspots in each RE technology for different environmental burden 
categories, and demonstrate the plethora of options available to ensure that future development of 
RE technologies adheres to circular economy principles, helping to close resource loops and make 
wise use of our limited resources. However, further research is required to examine the full 
potential of a circular approach to renewables to ensure we have future energy security in a low-
carbon and resource efficient society. 
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